Gold nanoparticles exhibit unique optical properties due to surface plasmon oscillations when they interact with light. By utilizing their optical properties, the rates of many chemical reactions have been improved in the presence of visible light. The properties of plasmonic nanoparticles are highly tunable based on the size and shape of the nanoparticle. Here, we have used anisotropic AuPd bimetallic nanotriangles to improve the rates of Pd-catalyzed reactions in the presence of visible light. We synthesized AuPd core-shell bimetallic nanotriangles and performed Suzuki cross-coupling and hydrogenation reactions in light and dark conditions. Upon illuminating AuPd nanotriangles with an array of green LEDs (power $ 500 mW), enhanced catalytic activity of palladium was observed. In order to understand the relative contributions of individual plasmonic effects, such as plasmonic hot electron transfer and plasmonic heating effects, the reaction temperatures were monitored, and careful control experiments were run at different temperatures. Our results indicated that the enhancement in the rate of these Pd-catalyzed reactions is primarily due to the plasmonic heating effect.
Introduction
Plasmonic nanoparticles have been extensively studied as light harvesting materials in various applications such as photovoltaics, [1] [2] [3] [4] biotechnology, 5 catalysis, 6 and surface-enhanced Raman spectroscopy. 7 In particular, employing their light trapping properties to drive chemical transformations is an emerging eld. 6 Upon interacting with certain frequencies of light, metal nanoparticles show unique optical properties due to the collective oscillation of their conduction band electrons. This phenomenon is called localized surface plasmon resonance. This phenomenon has also been observed in some metal oxides such as WO x 8 and Ce:In 2 O 3 . 9 The optical characteristics of plasmonic nanoparticles are tunable based on the size and the shape of the nanoparticle. 10 The energy accumulated in these oscillating surface plasmons can be used in several ways to accelerate the rates of chemical reactions. This energy can be either directly used to drive a chemical reaction, 6, 11 or it can be transferred to an existing catalyst such as a semiconducting metal oxide (e.g., TiO 2 , CeO 2 ) or a metal (e.g., Cu, Pd, and Ni) nanoparticle. 4, [12] [13] [14] [15] Among these catalysts, enhancing the activity of Pd nanoparticles using solar energy is attractive since Pd nanoparticles are known to catalyze many organic reactions, including C-C bond forming reactions. Also, heterogeneous Pd catalysts can be easily recovered from the reaction mixture and reused for several reaction cycles. Recently, by using plasmonic nanoparticles, the rates of Pd-catalyzed reactions such as crosscoupling, 16, 17 hydrogenation, [18] [19] [20] [21] and oxidation reactions [22] [23] [24] have been improved, and it has been found that bimetallic nanoparticles show superior activity compared to the pure metallic nanoparticles. 25, 26 The most studied bimetallic catalysts in plasmon-enhanced Pd-catalyzed reactions are AuPd bimetallic nanoparticles. Here, the Au/Pd ratio has been shown to be critical for both preserving the Au plasmonic properties as well as the catalytic activity of Pd. 26 In addition to this, the power of the incoming light also plays a key role in the plasmonic enhancement.
17,26
It has been demonstrated that two plasmonic effects contribute to the enhancement of Pd-catalytic activity in AuPd bimetallic nanoparticle systems: plasmonic local heating, and plasmonic hot electron transfer. 16, 17, 26 Aer the excitation of surface plasmons, they can decay non-radiatively via generation of hot electrons in the metal nanoparticles. The energy of these hot electrons is either redistributed among the ground state electrons through electron-electron scattering or dissipated in the form of heat by electron-phonon scattering. 4, 27, 28 The heat generated by the metal nanoparticles can increase the temperature at their surface up to 500 C. 6 In a colloidal solution of metal nanoparticles, this local heat dissipates into the solution and increases the overall temperature of the bulk solution. This plasmonic photothermal effect was found to accelerate the rates of chemical reactions when Au/ZnO, 29 Au/Fe 2 O 3 , 30 and bimetallic AuPd nanoparticles 17, 21, 31, 32 were employed as catalysts. In addition to the plasmonic heating effect, some reports on AuPd catalyzed reactions also observed a contribution from plasmonic hot electron transfer from Au to Pd in improving the reaction rates. 26, 33 It has been demonstrated that in AuPd nanoparticles, the Fermi energy levels of Au and Pd are close to each other (Pd is 5.0 eV, and Au is 4.7 eV). 34 Upon exciting the surface plasmons in Au, the hot electrons can easily be transferred from Au to Pd. As a result of this transfer, the number of active catalytic sites on Pd increases, and this improves the overall rate of the reaction. 16 Such hot electron transfer from Au to Pd was described by recording a single particle photoluminescence (PL) spectra from an Au-Pd nanorod and an Au nanorod. 35 The authors observed a decrease in the PL intensity for the AuPd nanorod compared to the Au nanorod, which was attributed to hot electron transfer from Au and Pd. Further, by using a TiO 2 spacer between Au to Pd in an AuPd nanoparticle, Wang et al. controlled the electron transfer from Au to Pd. This resulted in a decrease in the conversion of a Suzuki reaction compared to AuPd nanoparticles without any spacer.
17 However, the difference in conversion was very low, and it also depended on the power of the incoming light. Another study, with the help of DFT calculations, reported that hot electrons generated in AuPd nanoparticles are directly transferred to the adsorbed molecules and drive the chemical transformation.
16
All these plasmonic effects are highly dependent on the power of the incoming light as well as on the morphology of the metal nanoparticle. and spherical nanoparticles 16, 20, 26, 37 have been used to improve the catalytic activity of palladium. Here, we employed plasmonic Au nanotriangles to harvest light in order to photophysically improve the rates of Pd-catalyzed reactions. Due to the presence of sharp features, the nanotriangles are expected to show strong plasmonic effects compared to other shapes.
38,39
Also, due to the plate-like morphology of a nanotriangle, the number of active sites (i.e., surface area) available for catalytic reactions to take place is higher compared to a spherical nanoparticle. By using AuPd bimetallic nanotriangles, we performed Suzuki cross-coupling and hydrogenation reactions in both dark and light conditions. The reactions performed in the light showed higher conversions compared to the ones carried out in the dark. The mechanism of this plasmonic enhancement was investigated by performing several control experiments. Our results indicate that the enhancements in the rates of both Suzuki and hydrogenation reactions upon illumination are mainly due to plasmonic heating effects. Further stability studies show that the sharp-featured triangles are unstable, and aer two cycles of Suzuki reactions their catalytic activity is severely compromised.
Experimental section

Materials
Hydrogen tetrachloroaurate(III) (99%), 4-iodobenzoic acid, and 2-methyl-3-buten-2-ol (MBE, 98%) were purchased from SigmaAldrich. Potassium tetrachloropalladate (99%), cetyltrimethylammonium chloride (CTAC, 96%) and all the boronic acids used for Suzuki reactions were purchased from Alfa Aesar. Potassium iodide and sodium hydroxide were purchased from Fisher Scientic. All chemicals were used directly without any further purication, and aqueous solutions were prepared using Milli-Q water (18.2 MU cm).
Characterization
Transmission electron microscopy (TEM) images were collected using a HT7700 TEM operating at 100 kV. TEM samples were prepared by drop casting nanoparticle solutions onto a carboncoated 300 mesh Cu TEM grid (Electron Microscopy Sciences). UV-vis spectra were measured using a Varian Cary 50 Bio UV-vis spectrophotometer with an optical path length of 1 cm. 1 H NMR spectra were collected by using a Bruker Avance 500 MHz spectrometer.
Methods
Synthesis of Au nanotriangles. Au nanotriangles were synthesized by following a literature procedure. 40 Briey, aqueous CTAC (16.0 mL, 0.10 M) was dissolved in 20.0 mL Milli-Q water in a 250 mL Erlenmeyer ask. To this solution, aqueous solutions of KI (0.75 mL, 0.1 M), HAuCl 4 (0.80 mL, 25.4 mM) and NaOH (0.20 mL, 0.10 M) were added sequentially. At each addition, the solution was stirred manually by shaking the ask. Aqueous ascorbic acid (1.0 mL, 0.064 M) was then added, and then immediately, an aqueous NaOH (0.20 mL 0.10 M) solution was rapidly injected into the reaction mixture, while simultaneously shaking the ask. Finally, the entire mixture was kept undisturbed for 15 min until the solution became dark blue in color. This dark blue solution was centrifuged at 5500 rpm (4194 g) for 30 min, and then the supernatant was decanted. The Au nanotriangles were then redispersed in water.
Synthesis of AuPd nanotriangles. A concentrated Au nanotriangle solution (15 mL, optical density ¼ 4.5 at 610 nm) was dispersed in aqueous CTAC (30 mL, 0.010 M) in an Erlenmeyer ask. To this mixture, an aqueous K 2 PdCl 4 (2.0 mL, 0.010 M) solution was added while stirring the solution, which was maintained at 40 C using a hot water bath. Aer 10 min of stirring, aqueous ascorbic acid (2.0 mL, 0.040 M) was added, the ask was covered and the stirring was continued for 8 h at 40 C by covering the ask with paralm. Finally, this solution was centrifuged at 5500 rpm (4194 g) for 30 min, and the AuPd bimetallic nanotriangles were collected by decanting the supernatant. The AuPd nanotriangles were then dispersed in water.
Catalytic reactions
Suzuki cross-coupling reactions. In a model cross-coupling reaction, 0.5 mmol of p-iodobenzoic acid and 0.6 mmol of phenylboronic acid were dissolved in a mixture of 8.0 mL of Milli-Q water and 2 mL of ethanol. To this mixture, 2.0 mmol of K 2 CO 3 dissolved in 2.0 mL of water was added. The solution was mixed well to dissolve all of the reactants. Next, 2.0 mL of the as-synthesized AuPd nanotriangle solution (optical density ¼ 4.5 at 532 nm) was added. The nal optical density of the nanotriangles in the resulting solution was $0.75 at 532 nm. This reaction was performed both with and without light illumination using a home-made LED source (Luxeon), which consisted of 8 green LEDs which have a maximum emission wavelength of 530 nm and a emission range between 450 and 600 nm (power $ 500 mW). At each hour, 200 mL aliquots of the reaction mixture were collected, the reaction was quenched with 200 mL of concentrated H 2 SO 4 , and the products extracted with dichloromethane. The solvent was evaporated in a stream of air, and the leover solids were dissolved in CDCl 3 and characterized by 1 H NMR. The rest of the cross-coupling reactions were performed in a similar way except for the number of moles of K 2 CO 3 in the reaction mixture. For reactants containing an acid functional group, we used 2.0 mmol of K 2 CO 3 ; 1.0 mmol of K 2 CO 3 was used otherwise. Also, the concentrated H 2 SO 4 was added only when the reactants contained carboxylic groups, otherwise the reaction mixture was directly extracted into dichloromethane.
Hydrogenation of 2-methyl-3-buten-2-ol. In a 1 L round bottom ask, 3.0 mL of AuPd nanotriangle solution (optical density 0.75 at 532 nm) was added to 6 mL Milli-Q water. To this mixture, 150 mL of methanol was added and then the ask was sealed tight using a septum. The ask was then purged with hydrogen gas for 20 minutes; the ask was then lled with H 2 gas until the ask reached an initial differential pressure of 0.370 atm. The pressure in the ask was measured by a differential pressure manometer (Extech Instrument, Model #407910), and for all hydrogenation reactions the same initial pressure was maintained. The AuPd nanotriangle solution was then stirred under hydrogen for 30 minutes. Then 2-methyl-3-buten-2-ol (0.10 mL) was injected into the ask. Similar to the cross-coupling reactions, hydrogenation reactions were performed in both light and dark conditions. For the 1 H NMR analysis, an aliquot of 100 mL of the reaction mixture was collected every 20 minutes and was directly extracted in 500 mL CDCl 3 .
Results and discussion
AuPd bimetallic nanotriangles
Au nanotriangles were synthesized via a literature procedure, which is a competitive process involving both reduction/ oxidative etching of Au in the presence of CTAC as a stabilizing agent. 40 Here, ascorbic acid was used as the reducing agent and potassium iodide as an oxidative etchant in the presence of air. To synthesize the AuPd bimetallic nanotriangles, K 2 PdCl 4 was reduced onto the as-synthesized Au nanotriangles using ascorbic acid as the reducing agent. These Au and AuPd nanotriangles were then characterized by UV-vis spectroscopy and TEM; the results are shown in Fig. 1 . In the UV-vis spectrum, the Au nanotriangles show a broad plasmon peak at 605 nm with a shoulder at 534 nm. The plasmon peak at 605 nm is attributed to the in-plane dipole mode, 41 while the shoulder at 534 nm is likely due to the presence of spherical Au nanoparticles.
2,40 Upon coating with Pd, a ca. 60 nm blue shi in the plasmon peak was observed. This might be due to some surface alloying between Au and Pd. 42 The morphologies of the Au and AuPd nanotriangles were conrmed by TEM analysis (Fig. 1b-d ). Fig. 1b shows the presence of a large population of Au nanotriangles; the average edge length of these nanotriangles was found to be 43 AE 4 nm. However, the sample also contains ca. 10% of quasi-spherical Au nanoparticles along with the nanotriangles. Presence of multiple shapes broadens the absorption spectrum; which leads to a good match with the incoming green LED spectrum. Fig. 1c shows a TEM image of the AuPd nanotriangles, and a higher resolution TEM image is shown in Fig. 1d . The Z-contrast difference in the TEM images of AuPd (Fig. 1c and d) indicates the spatial distribution of Au and Pd within the nanotriangle; the lighter regions are the Pd shell, and the darker region corresponds to the Au core. The Pd shells of the AuPd nanotriangles are polycrystalline, and thus, the resulting AuPd nanotriangles appear textured with unevenly distributed Au and Pd sites on their surface. A similar morphology was observed in AuPd nanowheels due to the Pd alloying with Au. 32 The morphology likely occurs due to the deposition of Pd at multiple sites on each particle, which could be due to defects in the CTAC coating on the surface of the Au nanotriangles. 43 For catalytic purposes, the polycrystalline nature of the Pd shell may be favorable as the available surface area of the Pd catalyst would be substantially higher than a perfect epitaxial core-shell structure.
Plasmon enhanced Suzuki-coupling reactions
Aer conrming the morphology of the AuPd nanotriangles, they were used to catalyze Suzuki cross-coupling reactions. The reactions were performed both with and without light illumination. For the dark reactions, the reaction asks were covered with aluminum foil; for the light reactions, the asks were illuminated with a green LED (power $ 500 mW, l max ¼ 530 nm) light source (Fig. 2a) . The green light source was chosen to match the wavelength (534 nm) of the AuPd plasmon band (Fig. 1a) . At this wavelength, the surface plasmons of both the triangular and spherical AuPd nanoparticles will be excited. The light source setup is shown in Fig. 2a ; it contains an array of 8 green LEDs mounted on each heat sink, and four of these heat sinks are assembled in such a way that a 25 mL ask can be placed in the center and receive 360 illumination.
To investigate the plasmonic effect of AuPd nanotriangles on the Suzuki cross-coupling reaction, we chose to study a model reaction between p-iodobenzoic acid and phenylboronic acid, as shown in Scheme 1. This reaction was performed in both dark and light illumination, and the reaction kinetics were monitored by 1 H NMR. The percent conversions were calculated from the 1 H NMR spectra, and are plotted against time (Fig. 2b) . The cross-coupling reaction performed in the light showed signi-cantly higher conversions compared to the dark reactions. In both cases, only hetero-cross-coupling products were seen; i.e. no homocoupling products were observed. For example, aer 1 h of reaction time, the light reaction had proceeded to $40% conversion, whereas the dark reaction had proceeded to only $23% conversion. With an increase in time, the difference in conversion between the light and dark reactions was more Paperpronounced. Aer 5 h of the reaction time, the light reaction showed ca. 35% higher conversion compared to the dark. At the same time, the temperature of both the reaction mixtures was measured. We noticed a rise in the nal temperature of the light reaction from 25 C (the initial temperature of the reaction ask) to 37 C, while the dark reaction showed no change in temperature. To determine if this increase in temperature was due to the presence of AuPd nanotriangles or due to lightinduced heating of the solvent, we illuminated water with and without AuPd nanotriangles. Aer illuminating both the asks for 1 h, an increase in temperature from 25 C to 37 C for the ask containing AuPd nanotriangles was observed, whereas the ask containing only water showed only a 2 C (light-induced heating) rise in temperature. This clearly conrms that the AuPd nanotriangles are the cause of the temperature increase; this is due to the plasmonic local heating generated by nonradiative plasmon decay (electron-phonon scattering).
31
To determine how signicant a role this plasmonic heating effect has on the overall enhancement of the reaction rate, we performed a control reaction in the dark using a hot water bath to maintain the temperature of the reaction mixture at 37 C (the same temperature reached by the light reaction ask). The reaction progress was monitored hourly by 1 H NMR, and the conversion plotted in Fig. 2b . The light reaction still showed higher conversions compared to the dark reaction run at 37 C, although the nal temperatures of both the reaction mixtures were same (37 C). However, the difference in conversion is only 9% aer 5 h of the reaction time; this is much lower compared to the previous case (35%). From these results, it is clear that the rate of reaction is accelerated by the excitation of the AuPd surface plasmon modes. The effect of plasmonic excitation is also similar to that of conventional heating in improving the overall rate. To further support these conclusions, another Suzuki reaction was performed in which the temperature of the light reaction ask was xed at 25 C using a water bath. Aer 5 h, this reaction showed signicantly higher conversion (ca. 20%) than the dark reaction. However, the nal temperature increased to 29 C (even though the reaction ask was kept in a 25 C water bath). This slight rise in temperature may be due to the direct photothermal heating by both solvent and the water bath, or simply an insufciently large thermal mass in the cooling bath. A number of other papers have outlined a similar role of plasmonic heating for enhancing the rate of a variety of catalytic reactions. 21, 29, 30, 44, 45 However, in addition to the plasmonic heating effect, many reports have observed that plasmonic hot electron transfer contributes to the rate of a cross-coupling reaction. 16, 17 In many of these reports, a high power laser source was used to excite the Au nanoparticle surface plasmons, whereas, in the current study, we used a relatively low power ($500 mW) and unfocused LED light source. The generation of plasmonic hot electrons is highly dependent on the power of the excitation light source.
45,46
The low power LEDs used here are likely insufficient to produce a signicant population of hot electrons; hence, the contribution of these hot electrons in improving the overall rate of the reaction is low. Nonetheless, the dark control reactions underperformed the light reactions even when both were run at the same temperature. It is therefore possible that there is a minor contribution from plasmonic hot electron transfer to the overall enhancement.
We extended our studies to examine the effect of different aryl halides and different boronic acids. The results for various substrates are shown in Table 1 . Selectivity for the heterocoupling product was 100% in all cases (though, for entry 2 and 3 both reactions would have the same product). In all cases, the reactions performed in the light showed an average of $20% higher conversion compared to those carried out in the dark. A large difference in the conversions between the light and dark reactions was observed when aromatic iodides were used as substrates. This is particularly seen for entry 4, where a nitrosubstituted aryl iodide (p-iodonitrobenzene) was reacted with phenylboronic acid. This difference was slightly higher even when compared to the other reactions where other aryl iodides were reacted with the same boronic acid (entries 1 and 2). The light reaction in entry 4 showed complete conversion, and the dark reaction showed a decreased conversion compared to entries 1 and 2. The presence of an electron-withdrawing group such as -NO 2 on an aryl halide generally improves the rate of oxidative addition (typically the rate determining step) in Suzuki reactions. It is possible that the further acceleration of the reaction in the light could be coming from plasmonic hot electron transfer. However, the exact reason why the nitro-group shows a positive effect on the light reaction and a negative effect on the dark reaction is unclear. On the other hand, the difference in conversions was lower when the same halide (p-iodonitrobenzene) was reacted with methyl-substituted phenylboronic acid (entry 7); the difference in conversion between light and dark was very low. Here, due to the presence of an electron-donating methyl group on the boronic acid, both the light and dark reactions showed almost complete conversions. Interestingly, in the case of entry 5, where 2-thiopheneboronic acid was used, the reaction showed almost double the conversion in the presence of light as opposed to the dark. Generally, sulfur-containing (thiophene-based) substrates have been shown to poison the Pd catalyst and cause low yields in cross-coupling reactions. 47 They oen need either high catalyst loadings or elevated temperatures to achieve good yields. In such reactions, the use of plasmonic nanoparticles might be a promising way of improving the overall conversions, while keeping the catalyst loading to a minimum. Finally, among all of the reactions, the aryl bromide substrate (entry 3) showed the lowest overall conversion, regardless of whether or not the reaction was illuminated. This can be attributed to the poor leaving ability of Br as compared to I.
Catalyst stability and recyclability
The main advantage of employing nanoparticles in catalysis is that the catalyst can easily be separated from the reaction mixture and re-used for several reaction cycles. To test the recyclability of the AuPd nanotriangles, we rst characterized them aer a Suzuki coupling reaction between p-iodobenzoic acid and phenylboronic acid. Fig. 3a shows the UV-vis spectra of the AuPd nanotriangles before and aer the Suzuki reaction. The spectra were recorded for the AuPd nanotriangles used in the model cross-coupling reactions shown in Fig. 2b . Aer completion of the reaction, the AuPd nanotriangles were collected by centrifuging the reaction mixture, and then redispersed in a volume of water equivalent to the initial volume of the reaction mixture. A slight decrease in the intensity of the plasmon peak at 532 nm was observed aer the reaction (Fig. 3a) . This suggests a slight decrease in the population of AuPd nanotriangles aer the reaction. However, an increase in the optical density was observed in the wavelength range from 200-300 nm aer one reaction cycle. This might be due to the Rayleigh scattering from large aggregates in the reaction mixture. From TEM analysis (Fig. 3c) , aggregation of some of the nanotriangles was evidenced aer one reaction cycle. As a result of the aggregation, the nanotriangles tended to settle at the bottom of the reaction ask upon keeping the ask undisturbed for several days. We are uncertain as to why aggregation might be occurring in this system, but we believe it is due to the loss of their surface stabilizer (CTAC) during the Suzuki coupling reaction. A control experiment showed that the aggregation is not light-induced, and no such aggregation was seen for the hydrogenation system discussed below.
Using the same reactants that were used in the model Suzuki reaction between p-iodobenzoic acid and phenylboronic acid, we studied the catalyst recyclability over three reaction cycles in the presence of light. Aer each cycle, the AuPd nanotriangles were puried by centrifugation and then reused by redispersing them in the same amount of the reaction mixture. Aer 3 h of reaction, the percent conversion was calculated from the 1 H NMR spectrum, and the data is plotted against cycle number (Fig. 3b) . In cycle 1, aer 3 h of reaction, ca. 70% conversion was observed, and the nal temperature of the reaction ask was 37 C. In cycle 2, the nal temperature decreased slightly to 35 C, and the percent conversion was reduced to ca. 50%. The decrease in conversion may be due to the decrease in the number of available active sites, since the nanoparticles are aggregated aer the reaction (Fig. 3c ). In the 3 rd cycle, the reaction yielded only 1% conversion and a nal temperature of 31 C; this could be due to almost complete aggregation of the nanotriangles as the color of the solution substantially became lighter aer redispersing the nanotriangles for the 3 nd reaction cycle. However, stability and hence catalytic recyclability of these nanoparticles may be further improved by either integrating them in porous metal oxide matrix 48, 49 or by coating them with thin shells. 50 
Plasmon enhanced hydrogenation reaction
To determine if the plasmonic properties of AuPd nanotriangles can be used to drive other Pd-catalyzed reactions, we studied the hydrogenation of 2-methyl-3-buten-2-ol (MBE) using the nanotriangles as the catalyst. The reactions were performed in both the presence and absence of light illumination. We used the same LED source (Fig. 2a) to irradiate the reaction mixture in light reaction. Here, we used a larger (1 L) round-bottom ask to maintain an excess of H 2 gas for the hydrogenation reaction. The AuPd nanotriangles were added to the ask, and an excess of H 2 gas was then supplied. Before injecting the substrate (MBE) into the ask, the ask was stirred to homogenize the solution. At 20 min intervals, the reaction was sampled and analyzed by 1 H NMR, and the percent conversions are plotted against time (Fig. 4) . At each time interval, the light reaction showed signicantly higher conversions compared to the dark reaction. For example, aer 20 min, the light reaction had proceeded to 42% conversion, whereas the dark reaction showed only 18% conversion. The difference became more pronounced as the reaction proceeded. Similar to the plasmon enhanced Suzuki reactions, an increase in the temperature of the light reaction (from 23 C to 30 C) was observed. However, the magnitude of the temperature increase was not as signi-cant as in the Suzuki reactions. This is most likely due to the slightly lower AuPd catalyst loading, which was nearly 4 times lower compared to the Suzuki reaction. Again, to understand the role of plasmonic heating in the enhancement of the hydrogenation reaction, a control dark reaction was performed by heating the ask to 30 C in a conventional hot water bath (i.e., the same temperature reached by the light reaction). Aer 120 min of reaction time, the control dark reaction showed almost same conversion as the light reaction (Fig. 4) . This is in contrast to the Suzuki reactions, where the light reaction showed slightly higher conversions ($9%) compared to the control dark reaction (Fig. 2b) . The fact that similar conversions are observed in both the reactions (light and dark at 30 C)
clearly suggests that the enhancement is due to plasmonic heating effects alone. If other plasmonic effects contributed signicantly to the enhancement, the light reaction would show higher conversions compared to the high-temperature dark Long et al., observed the contribution of only plasmonic heating effect in the hydrogenation of styrene. 51 Since it has been shown that Au nanoparticles alone can catalyze the hydrogenation reaction (although it requires high temperatures), 46, 52 we also attempted to perform the same hydrogenation reaction using pure Au nanotriangles as the catalyst. No product formation was observed in either the light or dark conditions. This conrmed that the Pd is the active site on the AuPd catalyst for the hydrogenation reactions. Another possible mechanism to drive the hydrogenation reactions is by plasmonic hot electron transfer; however, to achieve the dissociation of H 2 by hot electrons generated on Au, a high power incoming light source (on order of W cm À2 ) is required. 46 The LED light source used in the current study was likely not intense enough to produce sufficiently hot electrons, and no activity of Au was seen for this hydrogenation reaction. This result agrees with earlier crosscoupling and hydrogenation results that showed that photothermal heating is mostly responsible for the catalytic enhancement. Again, we note that this is a consequence of the low power LED source used in this study.
Conclusions
In conclusion, we have synthesized triangular AuPd nanoparticles and employed them to improve the rates of Suzuki coupling and hydrogenation reactions. Upon exciting the surface plasmons in AuPd nanotriangles using green LEDs (whose wavelength was near the maximum of the plasmon band), an improvement in the rates of Suzuki and hydrogenation reactions was observed. Our results revealed that the enhancement in the rate of reaction is mainly due to the contribution of plasmonic heating effects, with at most a minor contribution from plasmonic hot electron transfer. We have investigated the recyclability of these catalysts; we found that the catalyst survived for 2 cycles of Suzuki reactions. TEM showed aggregation of the AuPd nanotriangles causing a reduction in the catalytic activity. This study clearly demonstrates that a plasmonic enhancement in the rates of Pdcatalyzed reactions can be observed even using a low power and unfocused LED light source, and that, under these low powers, there is only a plasmonic photothermal effect contributing to the rate enhancement.
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